Abstract. An increase in timber removals from southern bottomland forests of the United States has been predicted, warranting investigations of the effects of silvicultural alternatives on avian breeding habitat. We studied the effects of creating group-selection openings (man-made canopy gaps) of various sizes on breeding bird habitat use in a bottomland hardwood forest in the Upper Coastal Plain of South Carolina, USA. We used spot mapping and mist netting to estimate bird abundance at 0.06-, 0.13-, 0.26-, and 0.5-ha gaps and at uncut control areas during the 1996, 1997, and 1998 breeding seasons (1 May-1 August). There were significant increases in the number of species mapped (P ϭ 0.0001) and netted (P ϭ 0.0001) with successive increases in gap size. The greatest number of total spot-map detections (P ϭ 0.0002) and mist net captures (P ϭ 0.0004) also occurred in and around the large gaps. These patterns were the result of increased use of larger gaps by field-edge species, primarily Brown-headed Cowbird (Molothrus ater), Common Yellowthroat (Geothlypis trichas), and Indigo Bunting (Passerina cyanea), and some forest-edge species, such as White-eyed Vireo (Vireo griseus) and Northern Parula (Parula americana). Conversely, Acadian Flycatcher (Empidonax virescens) was less abundant in and adjacent to gaps. Because there were few differences in vegetation among gaps of different sizes, it is likely that birds that were detected more frequently in and adjacent to larger gaps selected those gaps based on other factors correlated with size. Creation of 0.5-ha groupselection openings in southern bottomland forests should provide breeding habitat for some field-edge species in gaps and habitat for forest-interior species and canopy-dwelling forestedge species between gaps, provided that sufficient mature forest is maintained.
INTRODUCTION
Changes in microclimate (Minckler et al. 1973, Phillips and Shure 1990) , plant species composition and structure (Runkle 1982 , Brokaw 1985 , Phillips and Shure 1990 , and resource availability (Levey 1988) resulting from natural gap creation may alter patterns of avian habitat use. Studies in east-central Illinois (Willson et al. 1982 , Blake and Hoppes 1986 , Martin and Karr 1986 and in the tropics (Schemske and Brokaw 1981 , Wunderle et al. 1987 , Levey 1988 ) have demonstrated differences between assemblages of birds captured in natural forest gaps and in the adjacent, intact forest. In temperate forests, many avian species (e.g., foliage-gleaning insectivores and frugivores) are more common in natural gaps than in the adjacent forest during spring and fall migration, possibly because of increased understory foliage density, greater insect abundance, or both (Willson et al. 1982 , Blake and Hoppes 1986 , Martin and Karr 1986 .
Although the importance of natural gaps to migrating birds in temperate areas has been investigated, little is known about avian use of man-made gaps during the breeding season, especially in bottomland forests. Between the years 2000 and 2030, acreage of bottomland forest in the southern United States is projected to decrease from ϳ11.7 ϫ 10 6 ha to 10.6 ϫ 10 6 ha (USDA Forest Service 1988). Concurrently, annual hardwood timber removals from bottomland forests are projected to increase by ϳ18% (USDA Forest Service 1988). Bottomland hardwood forests in the southern United States consistently are identified as focal areas for avian conservation efforts because they provide optimal breeding and migration stopover habitats for many high-priority bird species ). These forests have been reported to contain more avian species and a greater density of breeding and wintering birds than surrounding upland forests (Dickson 1978) . Large blocks of mature bottomland hardwood forest are more likely to contain habitat specialists, including forest-interior, neotropical migrants (Hodges and Krementz 1996, Kilgo et al. 1998) . With increased timber removals predicted, further research is needed to assess the impacts of the various silvicultural practices on breeding birds in southeastern bottomland forests.
Clear-cutting, or removal of the entire stand in one cutting, is the most proven and popular method used to regenerate bottomland oaks in the South (Clatterbuck and Meadows 1993) . However, complete removal EFFECT OF GAP SIZE ON BOTTOMLAND BIRDS PLATE 1. The 70-100 yr-old bottomland forest surrounding the group-selection openings was characterized by a relatively sparse midstory, and an understory of dwarf palmetto (Sabal minor) and switchcane (Arundinaria gigantea). The group-selection openings (like the 0.5-ha gap seen in the background behind the trees) provided patches of dense cover within the bottomland forest that generally lacked significant understory and midstory vegetation.
of the forest overstory renders the stand temporarily unsuitable for canopy-dependent bird species Barrow 1993, Kerpez 1994) . Single-tree selection, in which single, mature trees are removed from throughout the stand at regular intervals, has been presented as an alternative to clear-cutting in southern bottomland forests. Single-tree selection leaves most of the forest canopy intact, and probably would result in relatively few changes in the breeding bird community (Medin and Booth 1989, Annand and Thompson 1997) . Single-tree selection is an unfavorable silvicultural practice in southern bottomland forests, however, because it encourages economically undesirable, shade-intolerant tree species and often leads to highgrading of the forest (Clatterbuck and Meadows 1993, Meadows and Stanturf 1997) . Group selection, in which groups of trees covering no more than 0.5 ha are cleared, retains a portion of the forest canopy and allows sufficient sunlight for some growth of shadeintolerant, commercially valuable species (Clatterbuck and Meadows 1993 , Kellison and Young 1997 , Meadows and Stanturf 1997 . The openings created during group selection may simulate naturally occurring, gapphase disturbances (Pashley and Barrow 1993) , which possibly provide increased concentrations of food resources or important refuge areas for birds.
Fifteen bird species that breed primarily in southeastern bottomland forests are of high concern and have been identified for management or monitoring attention . Most are forest-interior species or canopy nesters, and would be absent from clear-cut stands for several years after harvest. However, several priority species, including Hooded Warbler (Wilsonia citrina) and Kentucky Warbler (Oporornis formosus), commonly forage or nest in natural treefall gaps and may be more abundant in selection harvest stands than in uncut stands during the breeding season (Hamel 1989 , Annand and Thompson 1997 , Robinson and Robinson 1999 . Additionally, field-edge and forest-edge birds may colonize the areas in and around group-selection openings (Kerpez 1994 , Germaine et al. 1997 .
Area-related thresholds above which individual gapphase disturbances positively affect early-successional and edge species and negatively affect forest-interior species need to be identified (Thompson et al. 1993) . Identifying these thresholds would aid those developing the sustainable forest management strategies needed to simultaneously generate revenue by timber harvest and to maintain or improve the quality of avian habitat. Our objectives were to: (1) document and compare avian assemblages and habitat-use patterns among harvested gaps of increasing size and uncut forest (i.e., identify potential thresholds); (2) determine the effects of gap size on structure of vegetation; and (3) compare differences in gap vegetation with differences in breeding bird habitat use.
METHODS

Study area
We conducted field investigations within a 362-ha bottomland forest stand on the Savannah River Site (SRS), a 78 000-ha block of relatively contiguous forest, in Barnwell County, South Carolina, USA. The stand lies within the Upper Coastal Plain physiographic region and consists primarily of 70-100 yr-old bottomland hardwoods (see Plate 1). The canopy was dominated by laurel oak (Quercus laurifolia), cherrybark oak (Q. falcata var. paegodifolia), sweetgum (Liquidambar styraciflua), and loblolly pine (Pinus taeda). The midstory was sparse, and dense areas of dwarf palmetto (Sabal minor) and switchcane (Arundinaria gigantea) were distributed patchily throughout the understory. Six replicates of four experimental gap (group-selection opening) sizes were harvested on ϳ65 ha of the stand in December 1994 (Fig. 1) were 0.06, 0.13, 0.26, and 0.5 ha (14, 20, 29 , and 40 m in radius, respectively); to create each size, we removed ϳ8, 16, 32, and 64 overstory stems, respectively. Minimum spacing between gap centers was 100 m, and the average distance between a gap's edge and the edge of its nearest neighbor was 102.7 m (range 44-230 m). The gaps were cleared to bare ground and were circular in shape. Some downed tree tops and small diameter stems were left as slash in and adjacent to harvested gaps, but most wood was removed during logging. We defined the gap to include all of the cleared area within the circumference delineated by the boles of trees left standing at the gap perimeter (i.e., extended gap). An adjacent uncut portion of the same stand was designated as a control site. We systematically established 19 points, Ͼ140 m apart, along north-south and east-west transects within the uncut area (Fig. 1) . All control points were Ͼ200 m from harvested openings.
Bird sampling
We mapped singing males of bird species present from 7 May to 7 July in 1996, 1997, and 1998, using a modification of the spot-map technique (International Bird Census Committee 1970) . A 130 ϫ 130 m, or ϳ1.7-ha, grid was centered on each of the 24 gaps and on the 19 points (i.e., gap size ϭ 0) in the control site. These grid dimensions provided maximum sampling effort without overlap in grid surveys. We conducted eight weekly censuses at each grid, and plotted the locations of male birds seen or heard. Neighboring grids were mapped simultaneously to minimize the possibility of counting the same individual in more than one grid during the same visitation round. We visited all spot-map grids before a new visitation round was begun. Because grids were too small to allow computation of territory density, we used the sum of all detections recorded during the eight visits as the response for each species in each grid. Some responses were greater than eight because of detection of multiple individuals of the same species at a replicate during a single visit (i.e., simultaneous singing).
Results obtained from mist netting may be biased (Remsen and Good 1996) , but use of netting in combination with auditory-visual sampling may allow more accurate identification of bird-use patterns than the use of either method alone (Nur and Geupel 1993, Whitman et al. 1997) . Therefore, we conducted mist netting at all gaps and at six control grids from 10 May to 25 July in 1996, 1997, and 1998 . At each grid, five nets were located at ϳ32.5-m intervals on a northsouth transect through the grid center, with two nets in the forest adjacent to gaps, two nets intersecting the gap edge, and one net in the gap interior. We performed netting at three sites each day, and each trio was netted for two consecutive days. Netting was conducted between sunrise and noon at two trios of sites each week, and each of the 30 sites was sampled twice during the breeding season, once before 15 June and once after. We visited all sites before a new round of sampling was begun, and captured birds were banded with a EFFECT OF GAP SIZE ON BOTTOMLAND BIRDS USGS BRD (U.S. Geological Survey, Biological Resources Division) aluminum leg band. We also recorded the net location of each capture within the gap grid (i.e., gap edge, gap interior, or forest adjacent to gap).
Vegetation sampling
In July 1996, we measured the forest vegetation adjacent to gaps and at control sites, using a modification of the James and Shugart (1970) technique. We measured the vegetation at a single 0.04-ha circular plot (hereafter, forest plot) centered on a randomly chosen corner of each spot-map grid. Within each forest plot, we tallied all woody stems Ն3 cm in diameter at breast height (dbh) into three diameter classes (3-8 cm, 9-23 cm, Ͼ23 cm). Basal area of hardwood and pine stems, number of hardwood and pine stems, and number of snags (i.e., standing dead stems Ͼ3 cm dbh) also were calculated. We used a spherical densiometer (four samples per site) to estimate percent canopy cover and an ocular tube (20 samples per site) to determine percent ground cover (James and Shugart 1970) . We determined heights of the three tallest canopy trees in each 0.04-ha forest plot using a clinometer, and their average was used as the forest plot canopy height.
We measured understory vegetation in gaps from mid-to-late July in 1996, 1997, and 1998, using the technique described by Wiens (1969) , as modified by Rotenberry and Wiens (1980) . We assumed that vegetative changes in the unharvested controls would be minimal, so understory vegetation at control grids was measured only once (July 1996) during the three years of the study. We measured vegetation at nine plots (hereafter, understory plots) in each 0.5-ha gap; seven plots in each 0.26-ha gap; and five plots in each of the 0.13-ha gaps, 0.06-ha gaps, and control grids. In gaps, we established understory plots 2 m from the north and south edges, at the center, and at one-half the radius in the east and west directions from the gap center. In 0.26-ha gaps, understory plots also were established at one-half the radius and 45Њ from two randomly chosen cardinal directions (e.g., northeast and southwest). In 0.5-ha gaps, understory plots also were created at onehalf the radius and 45Њ from all cardinal directions. We established all five control grid plots within the 0.04-ha forest plots previously described. Control understory plots were located at the center of the 0.04-ha forest plot and 10 m from the forest plot center in each of the four cardinal directions. At gap and control grids, we measured the vertical distribution of understory vegetation at sampling points 2 m east and west of each understory plot center (e.g., 18 sampling points in 0.5-ha gaps). We estimated vertical structure by recording whether or not vegetation touched each 1-dm height interval of a 2-m rod passed vertically through the vegetation. Plants that hit the rod were recorded as woody, grass/sedge, forb, or slash. Where vegetation occurred in the sampling plane above 2 m in gaps, the maximum height of vegetation above 2 m was recorded.
From the rod data, we calculated percent horizontal cover for each of the four vegetative types (WOOD, FORB, GRASS, SLASH) in gap and control grids by dividing the number of sampling points where vegetation intersected the rods by the total number of sampling points measured. We indexed vertical structure by calculating the mean total number of decimeters with vegetative hits (TOTHIT) and the mean maximum decimeter height interval contacting vegetation in gaps (MAXHT). We calculated variation among sampling points in vertical structure within a gap as an index of horizontal heterogeneity. We used coefficients of variation (CV) of the two vertical structure variables (CVTOTHIT, CVMAXHT) to estimate such variation.
To estimate heterogeneity at a smaller scale (within understory plot), we calculated a heterogeneity index based on within-plot differences in TOTHIT and MAXHT and averaged over an entire gap (Rotenberry and Wiens 1980) . The total hits heterogeneity index (HIT-HI) and maximum height heterogeneity index (MAX-HI) were defined as: HIT-HI or MAX-HI ϭ ⌺ (High Ϫ Low)/⌺ x, where High is the high value for TOTHIT or MAX-HI within an understory plot, Low is the low value for TOTHIT or MAX-HI within an understory plot, and x is the mean value of TOTHIT or MAX-HI within an understory plot. Because MAXHT was calculated only for gaps, CVMAXHT and MAX-HI were not computed for control grids.
Statistical analysis
We grouped bird species into three habitat-use associations (field edge, forest edge, and forest interior) following Freemark and Collins (1992) , Hamel (1992) , and Kilgo et al. (1998) . Two of these references were based on data collected from the southeastern United States, and should more closely describe the regional habitat associations of species detected during our study. Further, we grouped bird species as either residents or neotropical migrants (Hamel 1992) . Nonbreeding migrant species (i.e., transients) were excluded from statistical analyses.
Using spot mapping data, we tested for differences in species richness, total detections, and numbers of detections by species, habitat association, and migratory strategy among treatments (i.e., four gap sizes and control grids) using a split-plot in time (3-yr) analysis of covariance (ANCOVA; SAS Institute 1996). Habitat variables measured in the forest plots were included as covariates in the ANCOVA. We examined correlations among forest plot habitat variables using Pearson product-moment correlation coefficients, and the most easily measured (i.e., most likely to be measured during timber inventories) variable of a correlated pair (P Յ 0.05) was retained as a covariate. Four of 11 variables measured in forest plots were retained for inclusion as covariates in analyses of mapping data (Table 1) . When covariate effects were nonsignificant, they were eliminated. When the ANCOVA yielded a significant F sta- tistic, we used the least square means procedure to separate covariate-adjusted means.
We investigated the spatial patterns of avian habitat use of the understory in and adjacent to gaps by testing for differences in the number of net captures in gapinterior, gap-edge, and forest nets. Because gap-interior nets were operated for one-half of the net-hours that gap-edge and forest nets were operated, we standardized all capture results as number of captures/100 nethours. Recaptured individuals were included in all mist-netting analyses. We tested for differences in species richness from mist netting, total captures, and total captures by species, habitat association, migratory strategy, and net location among treatments, using a split-plot in time nested ANOVA with net location nested within the gap size treatment. When the ANOVA yielded a significant F statistic, we used the least square means procedure to separate means. For analyses of individual species' responses, we included only species with at least 40 spot-map detections or 20 mist-net captures during the three years of the study. These cutoffs were chosen based on breaks in the distribution of detections and captures.
For each variable sampled in the understory plots, we tested for significant differences among treatments using a split-plot in time ANOVA. Percentile variables were arcsine square-root transformed, but only untransformed means and standard errors are reported. We analyzed data from each year separately when year ϫ treatment interactions were significant. Significance was accepted at P Յ 0.05 for statistical tests.
RESULTS
Gap vegetation
Values for eight of the 10 variables differed significantly among the three years of the study (Table 2) . In 1996 and 1997, gap vegetation was predominately herbaceous (FORB), but hardwood stump sprouts and seedlings increased in number (WOOD) and height (MAXHT) in successive years of the study. Estimates of coverage (WOOD, GRASS, FORB) and vertical structure (TOTHIT) were higher in the gaps than in the control grids, but these values rarely differed significantly among the gap sizes (Table 2 ). In 1996, however, TOTHIT and FORB were greater in 0.5-ha gaps than in the 0.06-ha openings (Table 2 ).
All birds
We detected 49 bird species by mapping, and captured 40 bird species. More bird species were mapped as gap size increased, but the number of species recorded in the 0.06-and 0.13-ha gap grids was not different than that recorded in control grids (Table 3 ). The number of species captured also increased with successive increases in gap size, and species richness from netting was greater in the 0.5-ha gap grid than in any other treatment (Table 4) .
Total detections for all species, neotropical migrant species, and resident species increased with gap size (Table 3) . Total captures for all species, neotropical migrant species, and resident species also were greatest in and adjacent to the largest gaps (Table 4) . Total captures differed among the gap-interior, gap-edge, and forest net placements (P ϭ 0.0154). Numbers of gapinterior, gap-edge, and forest captures were similar in control, 0.06-ha, and 0.13-ha gaps, but more birds were captured at the edges of the 0.26-and 0.5-ha gaps and in the interiors of the 0.5-ha gaps (Fig. 2) .
Field-edge species
As a group, field-edge species were mapped more often with each successive increase in gap size (Table  3) . We captured more field-edge species in the 0.5-ha gaps than in any of the other treatments, and more in 0.26-ha gaps than in 0.06-ha gaps, 0.13-ha gaps, or control grids. No field-edge species were captured in control grids (Table 4 ). The number of captures of fieldedge species differed among net placements (P ϭ 0.0001), with more birds being captured in the interior nets at the three largest gap sizes and at the edges of the 0.5-ha gaps (Fig. 2) . Few field-edge individuals were captured at edges of the two smallest gaps or in the forest understory adjacent to gaps (Fig. 2) . Indigo Bunting (Passerina cyanea) detections increased with successive increase in gap size, and Common Yellowthroat (Geothlypis trichas) detections were greatest in the two largest gap sizes (Table 3) . Indigo Bunting and Common Yellowthroat captures were highest in 0.5-ha gaps, and no individuals of either species were captured in controls (Table 4) . Brown-headed Cowbird (Molothrus ater) detections were greatest in and adjacent to 0.5-ha gaps in 1997 (Table 3) .
Forest-edge species
Generally, forest-edge species were mapped and captured more often in 0.5-ha gap grids than in any other treatment (Tables 3 and 4) . Captures of forest-edge species differed among the three net placements (P ϭ 0.0140), with nearly twice as many forest-edge birds Note: Means followed by the same letter were not significantly different. Prior to analysis, percentile data were arcsine square-root transformed, but only untransformed means and standard errors are reported. In addition to the four vegetative types, variables are abbreviated as follows: TOTHIT, total number of decimeters with vegetative hits; MAXHT, maximum decimeter height interval contacting vegetation in gaps; CVTOTHIT and CVMAXHT, coefficients of variation of these variables; HIT-HI, total hits heterogeneity index; MAX-HI, maximum height heterogeneity index. For definitions, see Methods, Vegetation sampling. † Years were analyzed separately when there was a significant year ϫ treatment interaction. ‡ Significant year effect (P Ͻ 0.05). § All variables associated with MAXHT were not measured in controls. P values are from the split-plot in time (3-yr) ANOVA.
captured in edge nets in 0.26-and 0.5-ha gap grids than at other net placements (Fig. 2) . Blue-gray Gnatcatcher (Polioptila caerulea), Carolina Wren (Thryothorus ludovicianus), Downy Woodpecker (Picoides pubescens), and Northern Parula (Parula americana) detections were greater in the 0.26-and 0.5-ha gap grids than in the 0.06-and 0.13-ha gap grids (Table 3 ). In 1998, both Northern Cardinal (Cardinalis cardinalis) and White-eyed Vireo (Vireo griseus) were detected most frequently in and adjacent to the 0.5-ha gaps (Table 3). Only White-eyed Vireo captures in 1998 differed among treatments, with no captures in control or 0.06-ha gap grids and more captures in 0.5-ha gap grids than in other treatments (Table 4) .
Forest-interior species
Spot-map detections for forest-interior species differed among treatments, and more birds were detected in control grids than in any of the four different-sized gaps (Table 3) . When Acadian Flycatcher (Empidonax virescens) detections were excluded from the analysis, however, the difference was nonsignificant (P ϭ 0.4221). Captures of the forest-interior group did not differ among treatments (Table 4) . However, the number of captures differed among net locations (P ϭ 0.0046), with the most captures at the edges of 0.26-and 0.5-ha gaps, and fewer captures in interiors of the 0.5-ha gaps (Fig. 2) . Only three forest-interior species were captured Ն20 times, and captures of these species did not differ among treatments (Table 4) .
DISCUSSION
The gap size (Ն0.26 ha) at which numbers of individual birds and species richness began to differ from those in uncut forest was similar to that observed in other studies (Overcash and Roseberry 1987, Kerpez 1994) . In Illinois, 0.1-to 0.2-ha wildlife openings in mature deciduous forest were not large enough to increase bird abundance, but changes began to occur in gaps of 0.3 ha (Overcash and Roseberry 1987) . Patterns of response by birds in the different habitat-use groupings also were similar to those in other studies that † Significant year effect (P Ͻ 0.05). ‡ The number of detections was significantly (P Ͻ 0.05) correlated with a covariate: Common Yellowthroat with HT; Great-crested Flycatcher with CM23; Red-eyed Vireo with CM23; Summer Tanager with PINEBA; Pine Warbler with PINEBA. § Significant year ϫ treatment interaction (P Ͻ 0.05); data were analyzed separately for each year. P values are from the split-plot in time (3-yr) ANCOVA.
investigated relationships between avian habitat use and group-selection openings (Kerpez 1994 , Annand and Thompson 1997 , Germaine et al. 1997 . Although Acadian Flycatcher abundance declined in the larger gap grids, abundance of forest-edge and field-edge species increased.
Observed differences between the structure of understory vegetation in the forest and gaps were typical of an area recently disturbed by timber harvesting (Oliver 1981) . However, growth of vegetation normally is more prolific in larger openings (Runkle 1982, Phillips and Shure 1990) , and plant species composition typi- Note: Means followed by the same letter were not significantly different (P Ͼ 0.05). † Only species with Ն20 captures during the three years of the study were included in the table. ‡ Significant year effect (P Ͻ 0.05). § Significant year ϫ treatment interaction (P Ͻ 0.05); data were analyzed separately for each year. P values are from the split-plot in time (3-yr) nested ANOVA.
FIG. 2. Mean (Ϯ 1 SE) number of net captures/100 net-hours at the three net placements (center, edge, and forest) for: (A) all birds; (B) field-edge species; (C) forest-edge species; and (D) forest-interior species in a South Carolina bottomland (1996) (1997) (1998) . Ecological Applications Vol. 11, No. 6 cally differs between small and large (Ͼ150 m 2 ) gaps (Brokaw 1985) . Phillips and Shure (1990) documented increased net primary productivity and plant species richness with successive increases in gap size across a range of sizes similar to those in our study. Therefore, the paucity of vegetative differences among the four gap sizes in our study was unexpected. Although vegetative structure generally increased with gap size, the differences were not consistently significant. The absence of consistent differences in vegetation among gaps may be a product of variation among replicates within a single treatment, which may have resulted from excessive disturbance of the gaps located along more frequently traveled portions of the logging roads.
The absence of distinct vegetative differences among gap sizes and the positive relationship between bird response and gap size suggest that birds more frequently detected in and adjacent to larger gaps selected those gaps based on other factors correlated with size. Changes in micro-environmental factors (e.g., solar radiation, soil moisture, and temperature) and amount of food resources that would elicit detectable changes in bird responses may occur at significant levels only in gaps Ն0.26 ha. Field-edge species, such as Indigo Bunting and Common Yellowthroat, may require Ն0.26 ha of open habitat, regardless of the density of vegetation in the gaps. Low capture rates of field-edge species in forest nets indicated that these species were largely restricted to gap habitat.
Many researchers have documented positive relationships between numbers of forest-interior birds and forest patch size (e.g., Blake and Karr 1987) , but fieldedge species also are sensitive to the size of disturbed patches (Rudnicky and Hunter 1993) . Indigo Buntings, which typically are more abundant in selection harvests than in uncut stands (Annand and Thompson 1997 , Rodewald and Smith 1998 , Robinson and Robinson 1999 , were reported absent from a 0.12-ha opening, but occurred in all but one of the 19 larger openings in Virginia (Kerpez 1994) . In our study, the minimum threshold size appeared to be ϳ0.26 ha for Indigo Bunting and Common Yellowthroat. We located three Common Yellowthroat nests and seven Indigo Bunting nests in the harvested area, all in or adjacent to 0.26-or 0.5-ha gaps (C. E. Moorman, unpublished data) . Because of the rarity of Blue Grosbeaks (Guiraca caerulea) and the absence of Yellow-breasted Chats (Icteria virens), gaps Յ0.5 ha probably fall below their minimum threshold size for territory establishment. In Illinois, group-selection openings as large as 0.4 ha also were not of sufficient size to attract many open-country bird species (Robinson and Robinson 1999) .
Forest-edge species were detected in highest numbers in and around the largest gaps, especially at gap edges. Increased food resource availability, increased vegetative structure, and the possibility of simultaneous access to two habitat types may explain the greater use of large gaps by forest-edge species (Strelke and Dickson 1980) . Many arthropods favor plants growing in sunlight over those growing in shade (White 1984) , and higher densities of invertebrates have been reported at edges between forest and disturbed areas (Helle and Muona 1985) . Several of the forest-edge species recorded more often in the larger gap grids, including Carolina Wren, Northern Cardinal, and White-eyed Vireo, are understory species and probably benefited from the dense vegetation characteristic of the gaps.
The Acadian Flycatcher repeatedly has been documented as a species that is negatively affected by lowintensity disturbance (Kerpez 1984 , Annand and Thompson 1997 , Rodewald and Smith 1998 , and was the only species that declined in abundance with increasing gap size. Despite its suggested avoidance of the large group-selection openings on our study site, the Acadian Flycatcher was the forest-interior species most commonly detected during spot mapping. Based on spot-map locations, it appeared that singing males remained Ͼ30 m from the gap edges, regardless of gap size. Acadian Flycatchers established territories in mature forest between gaps, provided that there was sufficient area Ն30 m from gap edges. Therefore, implementation of group-selection cuts at a low density should allow maintenance of a breeding population of Acadian Flycatchers within the disturbed stand. Further research is needed to investigate relationships between breeding birds and opening density, spacing, and juxtaposition within a stand.
Most forest-interior species were not less abundant in and adjacent to gaps, and may not be edge sensitive. Hooded Warblers have nested in group-selection openings (Annand and Thompson 1997), although no nests were located in openings during our study (Moorman 1999) . Canopy-dwelling species, such as Northern Parula and Blue-gray Gnatcatcher, commonly were observed foraging with family groups in the gaps (C. E. Moorman, personal observation). Early-and midsuccessional habitats characterized by a dense understory and thick ground cover provide important postfledging habitat for juveniles of species that breed in nearby mature forest (Anders et al. 1998 , Vega Rivera et al. 1998 . As growth of vegetation continues to reduce the abruptness between openings and the adjacent forest, gap specialists and some canopy species may increase their use of gaps as nesting, foraging, or brood-rearing habitat.
Abundance, in the absence of productivity measurements, can be a misleading indicator of habitat quality (Van Horne 1983) . Hooded Warblers nesting close to gaps and other abrupt edges on our study site did not experience reduced reproductive success, despite evidence of Cowbird parasitism within close proximity to gaps and stand edges (Moorman 1999) . Numbers of avian nest predators such as Blue Jays (Cyanocitta cristata) and American Crows (Corvus brachyrhynchos) were low (Moorman 1999) and apparently unaffected by treatments, but Brown-headed Cowbirds were most abundant at the edge of 0.5-ha gaps in one year. In Illinois, Brown-headed Cowbirds did not appear in wildlife openings Ͻ0.3 ha, and were most abundant in larger (0.7-1.0 ha) openings (Overcash and Roseberry 1987) . Parasitism by Brown-headed Cowbirds is a major threat to the reproductive success of neotropical migrants (Mayfield 1977) , and areas with high Cowbird densities may experience high parasitism rates (Hoover and Brittingham 1993) . Further investigation of the effects of group selection on reproductive success of species breeding in southeastern bottomland forests is warranted.
Individual birds were recorded at more than one gap within and among years, so bird use of a single gap could have been partially altered by the presence and proximity of adjacent gaps (e.g., bird use of a small gap may have been higher because it was adjacent to a large gap). However, during each round of spot mapping and during each of the two rounds of mist netting, adjacent grids (gap and control) were sampled simultaneously to reduce the chance that the same bird would be counted in two different treatment replicates within a single visitation round. Each round of sampling was considered a snapshot of avian habitat use in the bottomland stand. Further, opening sizes were allocated randomly within the bottomland stand (i.e., big gaps were not always near small gaps), so effects of adjacent gaps should have roughly averaged out. Although creation of single replicates of each opening size in separate stands (blocks) may represent a better experimental design, such an approach was neither logistically feasible nor representative of actual group selection. In commercial harvests, the placement of group-selection openings typically is guided by the location of existing roads, the volume of timber to be removed, and the distribution of tree sizes and species, rather than by the distance to the nearest adjacent gap. However, research to determine whether stand-level opening density and spacing affect avian use of individual group-selection cuts is needed.
IMPLICATIONS FOR CONSERVATION AND MANAGEMENT
When contemplating group selection as a viable forest management option for concurrent economic gain and wildlife conservation, one must consider several constraints. First, in order to provide adequate sunlight to regenerate preferred bottomland hardwood species, such as the moderately shade-intolerant and intolerant oaks, silvicultural openings must be Ն0.5 ha (Clatterbuck and Meadows 1993, Meadows and Stanturf 1997) . Second, landscape context must be considered when predicting the effects of selection harvests on songbird populations (Harris 1989) . Group-selection openings created in a heavily fragmented landscape are likely to have greater negative effects (e.g., increased Cowbird parasitism) than openings in a heavily forested area like the Savannah River Site (Robinson et al. 1995) .
In fragmented landscapes, group-selection cuts may have all the negative features of clearcuts (e.g., increased brood parasitism and nest depredation rates) with the added impacts of increased edge and more roads Barrow 1993, King et al. 1998) . Although Hooded Warbler productivity was minimally affected by group-selection openings on our study site (Moorman 1999) , additional investigation of the effects of group selection on the reproductive success of other species in more heavily fragmented landscapes is needed.
Intermediate-scale disturbance, such as group selection, should increase local bird diversity by providing microhabitats not otherwise available within undisturbed forest (i.e., regenerating areas for field-edge bird species) while allowing most forest-interior species to remain at the same or slightly lower densities (Denslow 1985 , Thompson et al. 1993 , Lent and Capen 1995 . Breeding Bird Survey data for the Upper Coastal Plain of the southeastern United States indicate that from 1966 to 1998, Indigo Bunting populations declined, yet populations of Acadian Flycatcher and other forestinterior species present on our site remained stable or increased (Sauer et al. 2000) . Large (0.25-0.50 ha) openings would provide breeding habitat for species that prefer small, early-successional patches, such as Indigo Bunting and Common Yellowthroat, whereas small openings (Ͻ0.26 ha) would result in little change in the avian community. When timber harvesting and subsequent regeneration of commercially valuable species are management objectives, openings Ͻ0.5 ha most likely are inappropriate. Therefore, we believe that harvesting of 0.5-ha group-selection openings in bottomland forests embedded in relatively unfragmented landscapes represents a viable option from both silvicultural and avian conservation perspectives.
